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Abstract
The magnetic and dielectric properties of a˚kermanite Sr2CoSi2O7 single crystals in high magnetic
fields were investigated. We have observed finite induced electric polarization along the c axis in
high fields, wherein all Co spins were forcibly aligned to the magnetic field direction. Existence of
the induced polarization in the spin-polarized state accompanied with the finite slope in the mag-
netization curve suggests the possible role of the orbital angular momenta in the excited states as
its microscopic origin. The emergence of the field-induced polarization without particular magnetic
order can be regarded as the magnetoelectric effects of the second order from the symmetry point
of view. A low magnetic field-driven electric polarization flip induced by a rotating field, even at
room temperature, has been successfully demonstrated.
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Magnetoelectric multiferroic materials have attracted both experimental and theoretical
interest from the point of view of fundamental science as well as for the possible applica-
tions of their giant magnetoelectric effects1–3. In these materials, strong coupling or cross-
correlation between magnetism and dielectricity is often realized through a magnetically-
induced electric polarization, which is well explained by several microscopic mechanisms3.
The generally accepted model is the spin current mechanism4. In materials with a cycloidal
spin structure (e.g., TbMnO3
5), electric polarization is induced by this spin current mecha-
nism, which predicts the electric polarization P ∝
∑
i,j eij× (Si×Sj), with Si and Sj being
neighboring spins connected by a unit vector eij . Another origin of magnetically-induced
ferroelectricity is the exchange striction mechanism. In materials with multiple inequivalent
magnetic sites, even a collinear spin structure may induce ferroelectricity via magnetostric-
tion caused by the symmetric exchange interaction (Si · Sj)
6. This type of ferroelectricity
is realized in highly distorted orthorhombic RMnO3 compounds (R=Y, Ho, ..., Lu) with
E-type antiferromagnetism7, DyFeO3
8, and Ca3(Co,Mn)2O6
9. Recently, a third mechanism
of magnetically-induced electric polarization has been proposed, namely transition metal-
ligand (p-d) hybridization, dependent upon the spin direction10. The magnetoelectric prop-
erties of delafossite CuFeO2
11 and a˚kermanite Ba2CoGe2O7
12,13 are thought to be caused by
this p-d hybridization mechanism.
Ever since an intriguing magnetoelectric effect was discovered in a˚kermanite Ca2CoSi2O7
14
and Ba2CoGe2O7
12,13, the multiferroicity of these materials has been attracting much at-
tention. The present compound Sr2CoSi2O7 has the same crystal structure as Ba2CoGe2O7
with space group P421m at room temperature, and does not show a structural phase transi-
tion below 300 K. As seen from the schematic crystal structure illustrated in Fig. 1(a), CoO4
and SiO4 tetrahedra are connected at their corners to form two-dimensional layers, with the
layers stacking along the c axis with intervening Sr layers. The Sr2CoSi2O7 compound shows
a similar behavior to that of Ba2CoGe2O7 based on magnetoelectric measurements in the
absence of a magnetic field15,16. The Co magnetic moments have an easy plane anisotropy
in the (001) plane with the c axis being a hard axis, and show a staggered antiferromagnetic
structure in the plane below TN=7 K. In the antiferromagnetic phase, electric polarization
without a poling electric field was induced by a magnetic field, with the value and direction
of the induced electric polarization dependent upon the direction of the applied magnetic
field. Murakawa et al. reported the magnetoelectric effects of Ba2CoGe2O7 in the canted
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antiferromagnetic state and interpreted the results in the framework of the p-d hybridization
mechanism. Contrary to the other microscopic scenarios, the electric polarization caused
by this mechanism is irrelevant to the relative angle between the adjacent spins, and hence,
emerges even in the fully spin-polarized state. It is crucially important to investigate the
magnetoelectric effect up to the field of spin saturation. Therefore, we studied magnetoelec-
tric effects in Sr2CoSi2O7 in a wide range of magnetic fields and temperatures.
A single crystalline sample of Sr2CoSi2O7 was grown using the floating zone method.
Through the x-ray diffraction measurements at room temperature, we confirmed that the
sample had a tetragonal P421m structure without any impurity phase. All specimens used
were cut along the crystallographic principal axes into plate-like shapes by means of the
x-ray back-reflection Laue technique. The magnetization was measured using a commercial
apparatus (Quantum Design, PPMS). The magnetic field-induced electric polarizations were
obtained by integration of the pyroelectric currents in the temperature scans at constant
fields or the displacement currents in the magnetic field scans at constant temperatures.
Pulsed magnetic fields up to 55 T were generated with a duration time of 36 ms, using a
nondestructive magnet in the International MegaGauss Science Laboratory of the ISSP at
the University of Tokyo. The magnetization in pulsed magnetic fields was measured via the
induction method, using coaxial pick-up coils.
The temperature dependence of the electric polarization along the c axis (Pc) of Sr2CoSi2O7
in a magnetic field of 8 T along various directions is shown in Fig. 1(b). In the absence
of the magnetic field, electric polarization did not emerge17. When the magnetic field was
applied along the [110] direction, a positive electric polarization emerged along the c axis18.
In a˚kermanite materials, electric polarization emerges even without poling electric fields,
which is a unique feature of their multiferroicity13,14. Therefore, the pyroelectric (displace-
ment) current was measured, without a poling electric field. By applying the magnetic field
along the [110] direction, the sign of the electric polarization reversed from the +c direction,
while the electric polarization was almost zero if the magnetic field was applied along the
[100] direction. That is, an electric polarization reversal process was induced by a 90-degree
rotation of the magnetic field.
Figure 2(a) shows the high magnetic field dependence of magnetization along the various
axes of the Sr2CoSi2O7 crystal at 1.4 K. When the magnetic field was applied along the
[001] hard axis, the saturation field was 35 T with a saturation magnetization of about
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3.3 µB/Co. On the other hand, the saturation field was 17 T when the magnetic field was
applied perpendicular to the c axis, as reflected by the easy plane anisotropy. By applying
the magnetic field in the [100] direction, the saturation magnetization was about 3.2 µB/Co.
Contrary to the complete saturation in these directions, magnetization curves for fields
parallel to the [110] direction show continuous increase above 17 T.
Figure 2(b) displays the electric polarization parallel to the c axis of the Sr2CoSi2O7
crystal as a function of external magnetic field applied in various directions at 1.4 K. When
the magnetic field was applied along the [110] axis (φ = 45◦), the electric polarization
rose rapidly in low fields, and reached a maximum at 8 T. With increasing fields further,
the electric polarization gradually decreased and reversed sign at 16 T. The result clearly
demonstrates the existence of induced polarization even at 25 T, where all Co spins are
forcibly aligned to the field direction as seen in Fig. 2(a). As shown in the inset, although
the azimuthal angle dependence alone can be derived from symmetry argument19, we have
to utilize a microscopic model to explain the complicated behavior of Pc as a function of
magnetic field. In Ref. 13, the authors succeeded in reproducing this behavior with utilizing
the p-d hybridization scenario for the canted antiferromagnetic spin system. The similar
calculation, however, is insufficient to explain the finite magnetoelectric effects persisting
up to 55 T. Recent theoretical calculation20 predicted the continuous change in Pc and
also the gradual increase in the magnetization before full saturation as a result of strong
in-plane single ion anisotropy. This theory, however, predicts the similar gradual saturation
of magnetization also for H ‖ [100] that contradicts our results shown in Fig. 2(a). In
usual magnetic materials, finite slopes in the magnetization curves after spin saturation are
ascribed to the contribution of the van Vleck effect, in which inclusion of the excited states
having finite orbital angular momenta gives additional moments. If we take into account of
the anisotropic electron distribution in the excited state, and its anisotropic hybridization
to the surrounding ligand orbitals, it can cause the additional electric polarization. It is
important to note that in the given crystal symmetry of Sr2CoSi2O7, Pc is proportional to
sin 2φ whatever the underlying mechanism is.
Figure 3 displays the temperature dependence of (a) magnetization in the [110] direction
and (b) electric polarization along the c axis of Sr2CoSi2O7 crystal as a function of an ex-
ternal magnetic field parallel to the [110] direction. At 1.4 K below TN, since there is an
antiferromagnetic long-range order of the Co spins, a large electric polarization is observed.
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On the other hand, the electric polarization can be sustained even at high temperature
above TN without magnetic order. In this material, therefore, magnetic field-induced elec-
tric polarization is expected to be observed even at temperatures far above the magnetic
transition. In fact, a small but finite electric polarization is discerned even at 300 K, al-
though it is hard to see in Fig. 3(b). The polarization data obtained for the paramagnetic
phase at all temperatures are scaled with the square of the induced magnetization and nearly
proportional to the square of the applied magnetic field. This behavior can in principle be
explained as a magnetoelectric response of second order in the magnetic field, which is called
the paramagnetoelectric effect21. It is defined by the nonzero components of the tensor βijk:
Pi =
1
2
βijkHjHk. (1)
In the case of Sr2CoSi2O7 with the point group 42m, β312 is nonzero. Therefore, Pc is most
effectively induced by the applying magnetic field along the [110] direction. According to
Eq. (1), the angular dependence of Pc by applying the magnetic field H0 with the azimuthal
angle φ in the (001) plane will be proportional to H20 sin 2φ. This response supports our
experimental results.
Next, the magnetoelectric response of Sr2CoSi2O7 in low magnetic fields at room tem-
perature is demonstrated. In order to realize a magnetic field-induced electric polarization
at room temperature, electric polarization measurements were performed in a high-speed
rotating magnetic field. By rotating the magnetic field at higher speeds, the electric po-
larization reversal process becomes faster, and the resultant displacement current becomes
larger. Figure 4(d) shows the experimental configuration. The Nd-Fe-B permanent magnet
was rotated around the sample by the motor to generate a rotating magnetic field within the
(001) plane, and the displacement current flowing through the sample along the c axis was
observed. The [100] component of the rotating magnetic field was probed using a pick-up
coil. Figure 4 shows the time dependence of (a) the [100] component of the rotating magnetic
field, (b) the displacement current Ic, and (c) the electric polarization Pc at room tempera-
ture. The current Ic can be decomposed into two components having the same and half of
the rotation period of the magnetic field. In Fig. 4(b), the observed current data are marked
by dots, and the solid line shows the fitting sine curve having half the period of rotation of
the magnetic field. According to Eq. (1), Pc can be expressed as Pc ∝ sin 2φ. Consequently,
the current component having half the rotation period of the magnetic field [solid line in
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Fig. 4(b)] arises from the intrinsic change of the electric polarization. On the other hand,
a small additional component having the same rotation period as the magnetic field is at-
tributed to measurement noise, such as would be due to an induced current flowing through
a lead wire. The time dependence of the electric polarization obtained by integration of the
current component having the half period is shown in Fig. 4(c). Thus, the magnetoelectric
response in a low magnetic field has been successfully observed, even at room temperature.
The phenomenon above, in which the current was induced by a change in the direction of the
applied magnetic field, can be regarded as an effect similar to conventional electromagnetic
induction.
In summary, the magnetic and dielectric properties of a Sr2CoSi2O7 single crystal have
been investigated in high magnetic fields. When magnetization is saturated, the azimuthal
angle φ dependence of the electric polarization at a fixed field of 25 T is proportional to
sin 2φ. Magnetic field-induced electric polarization is observed even in a paramagnetic state
without magnetic order. Although these behaviors can be regarded as conventional magneto-
electric effects of the second order, symmetry argument alone does not explain the observed
complicated change in polarization as a function of magnetic field. From a microscopic point
of view, the field-induced directional change in the hybridization of the Co 3d and O 2p or-
bitals can be relevant to these phenomena. Our results in high magnetic fields suggest the
importance of the orbital angular momenta in the excited states. In addition, an intriguing
magnetoelectric response has been demonstrated, with the low magnetic field-driven elec-
tric polarization flip, even at room temperature. This new data opens up the potential to
generate next-generation spintronic devices operating at room temperature with low power
consumption.
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FIG. 1. (Color online) (a) Schematic crystal structure of Sr2CoSi2O7 projected onto the ab plane.
(b) Temperature dependence of electric polarization along the c axis of Sr2CoSi2O7 in a magnetic
field of 8 T applied along various directions.
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FIG. 2. (Color online) (a) Magnetization and (b) electric polarization along the c axis of the
Sr2CoSi2O7 crystal as a function of external magnetic field applied along various directions at
1.4 K. The angle φ is defined as the angle between [100] and the H direction in the (001) plane
[see Fig. 1(a)]. The inset shows the angle φ dependence of the electric polarization at 25 T. The
solid line represents Pc(φ) = Pc(45
◦) sin 2φ.
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FIG. 3. (Color online) (a) Magnetization along the [110] direction and (b) electric polarization
along the c axis of the Sr2CoSi2O7 crystal as a function of external magnetic field parallel to the
[110] direction at several fixed temperatures.
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